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FOREWORD

LbarThis report was prepared by the Applied Research
Laboratory of United States Steel. Corporation under U. S. Army
Contract No. DA-19-066-AMC-336(X); OI-19-066-D6-01885(X). The
-contract was administered under the U. S. Army Materials
Research Agency, Watertown, Massachusetts, with Mr. Dino J.
Papetti serving as technical supervisor. This is the final
report and covers work conducted from May 19, 1966 to May 19,
1967.
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ABSTRACT

A research program was conducted to develop and
optimize lightweight heat-treatable composite steel armor for
protection against caliber 0.30 and 0.50 AP M2 projectiles.

I Metallurgical, mechanical, and ballistic evaluations of plate
composites indicated that (1) low-alloy (Ni-Cr-Mo) steels with
about 0.55 percent C (front face) and 0.30 percent C (rear face)
metallurgically bonded strongly in layer-thickness proportions of
about 50 percent front-50 percent rear (caliber 0.30 plates) or 40
percent front-60 percent rear (caliber 0.50 plates) and heat-treated
by quenching and tempering to hardnesses of about 60 Rockwell C
(front) and 50 Rockwell C (rear) exhibited merit ratings of about
1.4; (2) higher merit ratings were obtained against caliber 0.30
projectiles than against caliber 0.50 projectiles; (3) higher
merit ratings were obtained in production plates than in laboratory
plates; (4) multilayer composites, although generally tougher, wereL no better than 2-layer composites in resistance to penetration by
AP projectiles, and (5) a shear-compression specimen effectively
measured the bond strength of dual-hardness steel plate composites.

Seven production-size lots of roll-bonded dual-hardness
steel armor have been made on existing facilities. Several large
plates were supplied to AMRA. Production controls necessary to
meet (or approach) the requirements in Specification MIL-S-46099A

I •were determined.

Ii
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INTRODUCTION

Obiective

The purpose of this research program was to develop and
optimize lightweight heat-treatable composite steel armor for
protection against caliber 0.30 and 0.50 AP M2 projectiles. It
was aimed at producing armor materials with a merit rating of 1.5
or greater that could be produced in commercial quantities at
moderate cost on existing equipment.

Background

Research studies by AMRA, Philco Corporation, and
otherslg, 2 ,3)* resulted in the development of ausformed (thermo-
mechanically worked) dual-hardness (or dual-property) steel armor
capable of providing about 50 percent greater ballistic protection
against caliber 0.30 and 0.50 armor-piercing projectiles than did
homogeneous specification steel armor (MIL-S-12560B) of the same
thickness (areal density), and multi-hit capability not afforde-5
by ceramic composites. Since 1964, U. S. Steel has been conductingresearch to develop heat-treatable composite steel armor. Pre-liminary studies indicated that a good metallurgical bond was

I required between the individual steel plates, that front-plate de-
carburization was detrimental to ballistic properties, and that
merit ratings of about 1.5 could be attained against caliber 0.30
armor-piercing projectiles. However, the effects of chemical,
metallurgical, and mechanical variables on the ballistic performance
of heat-treatable steel composites had not been investigated. There-
fore, significant improvements in ballistic performance and processing
controls were believed to be possible with additional research.
Consequently, U. S. Steel entered into a contract with AMRA on
May 19, 1966, to conduct research and development studies on heat-
treatable light-weight composite steel armor.

4 • Scope of Work

Studies were conducted at the Applied Research Laboratory
to evaluate two-layer steel composites produced by the following
techniques:

1. Roll bonding.
- 2. Roll and diffusion bonding.

3. Explosion cladding.

-See Literature Cited.
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4. Explosion cladding and rolling.
5. Cast cladding and rolling.
6. Weld overlaying and rolling.

In addition, multilayer steel composites produced by roll-.bonding
techniques were evaluated.

SSome of the variables that were investigated in
this study were:

1. Composition, heat treatment, and hardness
of component steels.

2. Total thickness and thickness proportions
of component plates.

3. Type and quality of metallurgical bond.
4. Surface condition.
5. Factors affecting plate flatness.

In addition, mechanical-testing techniques for measuring the
bond strength and toughness of composite steel armor were
investigated.

amrh Seven production-size lots of dual-hardness steel

armor have been successfully made on existing facilities,
thereby demonstrating the feasibility of manufacturing this
armor on a production basis. Valuabie production and speci-
fication information was developed, partly as a result of this
research contract, and partly as a result of a related supply
contract ("educational order"), Contract No. DA-19-066-AMC-351 (X),
OI-19-066-D6-02214 (X). As part of the present research contract,
ten large plates from a production lot will be supplied to AMRA
for ballistic evaluation.

This final report, which is classified SECRET,
describes the research work conducted during the period
May 19, 1966 to May 19, 1967, on Contract No. DA-19-066-AMC-336(X);
OI-19-066-D6-01885(X) with the U. S. Army Materials Research
Agency.

1. ARMOR COMPOSITION DEVELOPMENT

Available Steels

Research conducted during the past four years has
(i shown that several low-alloy homogeneous armor steels containing

from 0.25 to 0.60 percent carbon, 0.25 to 0.85 percent manganese,
0 to 3 percent nickel, 0.40 to 1.50 percent chromium, 0.25 to 0.75
percent molybdenum, and 0 to 0.10 percent vanadium and heat-treated

-2-
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1.
to relatively high hardness levels, exhibited resistance to
penetration by armor-piercing projectiles superior to that of
specification (MIL-S-12560B) steel armor. Therefore, many of these
steels were considered logical candidates as components of dual-
hardness or composite steel armor. Table I lists the compositions
of a number of these promising steels (Steels 1 through 8) as well
as those of other steels that were available at the Laboratory and
that were considered likely candidates for armor steels. Steels 1
through 8 are laboratory steels, and Steels 9 through 23 are pro-
duction steels. Steels 9, 10, 20, 21, 22, and 23 are components
of production dual-hardness steel plates (from 3 of the 7 afore-
mentioned production lots). All the steels in Table I were avail-
able as 3/4- to 3-inch-thick plates, and thus were thick enough to
be roll-bonded.

Experimental Armor Steels Made at the Laboratory

Table II lists the compositions of 24 experimental
armor steels that were evaluated at the Laboratory. Excepti for Steels S, T, U, and V (high-silicon steels), the steels
were selected so that low austenitizing temperatures could be
employed in the hardening treatment. Austenitizing at
relatively low temperatures generally promotes fine grains, the
smallest amount of retained austenite, the least distortion
during quenching, the least susceptibility to quench cracking,
and optimum toughness.

Except for Steels Q and R, which were vacuum-melted
as 300-pound induction-furnace heats, the steels were air-melted
as 500-pound induction-furnace heats and rolled to 2-inch-thick
plates, after which a small part.of most plates was cross-I rolled to 1/2-inch-thick plates. Gradient-furnace studies,
hardness tests, and quench-cracking studies were conducted on
the 1/2-inch-thick plates, and the amount of retained austenite
in most of the hardened steels was determined.

Steels A, B, C, D, E, J, and N are 0.75Mn, 1.OONi,
0.50Cr, 0.50Mo steels with variations in carbon content from
0.33 to 0.49 percent. These steels were evaluated initially
to determine the lowest carbon content (for weldability con-
siderations) at which steel of this general composition could
be safely water-quenched, without quench cracking, to a minimum
hardness of about 60 Rockwell C. (Water-quenching facilities
for large plates were available in i number of steel plants, but
similar oil-quenching facilities for plates were not generally1' • available.) Steels F and G are water-hardening (AISI W-5) and
oil-hardening (AISI 52100) 1 percent carbon steels, respectively,
that were evaluated as very-high-hardness front-plate steels in
composites consisting of two or more layers. Steels H and I are
D6A steel and a lower molybdenum modification of D6A steel,
respectively, that were evaluated as front- or intermediate-plate
steels in composites. Steels K, L, and M are modified AISI 6140

- 3--



(Cr-V) steels for possible application as front- or intermediate-
plate steels in composites. The addition of chromium and vana-
dium was bilieved to increase the hardness attainable at a given
carbon level and also to retard the rate of formation and the
amount of scale and decarburization. Steels 0 and P are "ultra-
service steels" that were vacuum-melted using the bese low-residual

Spractice currently known to produce maximum toughness. Steels Q
and R are the components of roll-bonded composites that were to

be evaluated both as heat-treated and as ausrolled armor. Steels

S, T, U, and V are components of composites that contain (1) high
amounts of manganese, silicon, and/or chromium to increase bainite
hardenability, (2) vanadium and columbium additions to refine the
grain size, and (3) high-silicon to permit tempering at temperatures
higher than 300 F. Studies were conducted on composites consisting
of Steels S, T, U, and V to determine the effect of solution,
morphology, and distribution of carbides on ballistic performance.
Also, it was thought that the presence of increased amounts of
silicon and of carbide formers in these four steels might increase
elevated-temperature strength and thus increase resistance to
adiabatic shear.

Heat-TreatinQ Studies

Table III lists the calculated upper and lower
critical temperatures (Ae 3 and Ael, respectively) and the cal-
culated martensite-start (Ms) temperatures of all the steels in
Tables I and II except the three maraging steels (Steels 16, 17,
and 18) and Steels J3 and N3, which were intended to have the
same composition as Steels J and N, respectively. Actually, the
carbon contents of Steels J3 and N3 were slightly lower than
those of Steels J and N. These calculated temperatures were
used as an initial guide in the heat treatment of the armor steels.

The results of gradient-furnace studies on the carbon
series (Steels A, B, C, D, E, J, and N), Table IV, indicate that
a minimum hardness of 60.5 RC was attained in the as-water-quenched
steels containing 0.41 percent or more carbon, but that relatively
low austenitizing temperatures were required to eliminate quench
cracking on water quenching. For example, austenitizing tempera-
tures would have to be 1410 F or lower for Steel J (0.49% C),
1590 F or lower for Steel E (0.44% C), and 1675 F or lower for
Steel D (0.41% C) to avoid quench cracking on water quenching.

I Q Quench cracking was encountered in some subsequently produced
plate composites containing steels with greater than 0.43 percent
carbon that were water-quenched from about 1500 F.

-4-



The plot of carbon content versus hardness, Figure 1,
indicates that a carbon content of about 0.47 percent would be
necessary to obtain a hardness of 60.5 R. after oil quenching,
and a carbon content of about 0.32 percent (extrapolated) would
be necessary to obtain a hardness of 51.0 RC after oil quenching.
(Tempering at temperatures of 250 1" to 300 F would lower these
hardnesses about 2 Rockwell C.) The lower hardness (approximately
3 Rockwell C) for the oil-quenched specimens compared with the
water-quenched specimens was not believed to be caused by a
deficiency of hardenability in the base steel, but rather to self-
temperin9 that occurs during oil quenching (oil-quenched steel
cools very slowly through the martensite-transformation region,
particularly if the oil temperatures rises). The ideal plate
thicknesses (LI) for 95 percent martensite are 1.7 inches for
Steel N (0.33% C) and 2.0 inches for Steel J (0.49% C); thus a
nominal 1/2-inch-thick plate could be water-quenched readily to
95 percent martensite. Examination of isothermal-transformation
(IT) diagrams for steels with compositions similar to that of
Steel C (0.40% C) indicated that these base steels should have
adequate hardenability to oil-quench essentially to martensite
in 1/2-inch-thick plate. (Since the time this heat-treating
study was conducted8 ) quenching with glycol-water solutions has
become more widespread than oil quenching, and the quenching
power of glycol-water solutions is somewhat greater than that of
oil. 9))

The steels containing 0.44 and 0.49 percent carbon
(Steels E and J) exhibited only 5 percent retained austeniteI' when water-quenched from 1500 F, and 6 and 8 percent, respec-
tively, when oil-querched from 1500 F, Table V. Overall results
of retained austenite determinations on Steels A, B, C, D, E,I* J, and N indicated that 2 to 7 percent retained austenite was
present in the microstructures of as-quenched (from 1500 F) 1/2-
inch-thick plates, and that single or double tempering at 250 F
(followed by water quenching) did not significantly change this
amount.

I. As will be discussed in a later section, the ballistic
limits of water-quenched and tempered composites were higher

| • than those of oil-quenched and tempered composites of the same
material, even though some of the water-quenched plate composites
contained quench cracks in the front layer. The amount of retained
austenite in the specimens was believed to be a primary cause of
this difference in ballistic performance. Therefore, the amount
of retained austenite was determined on duplicate specimens cut
from ballistically tested plates of 2-, 3-, and 4-layer composites
that had been water-quenched and oil-quenched. Because it was
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thought that sample-preparation technique might influence the
amount of retained austenite measured by X-ray diffraction
techniques, duplicate metallographic specimens were both
abrasively polished on billiard cloth and electrochemically
polished prior to austenite determination of the front-face
steel. The results of this study are shown in Table VI, and
indicate that no significant differenc, s in the amount of
retained austenite resulted from the two different methods
of sample preparation. However, as would be expected, the amount
of retained austenite was greater in the high-carbon steels than
in the low-carbon steels and less in the water-quenched plates
than in the oil-quenched plates.

:1. Gradient-furnace studies and other heat-treating studies
were conducted to determine the best austenitizing temperatuae
for each steel listed in Table II. On the basis of the lowest
austenitizing temperatL• that woulc provide high hardness after
oil and/or water quenchiag, optimum temperatures that ranged
from about 1450 to 1650 F, Table VII, were selected.

Composites Evaluated

Over 170 armor composites were ballistically tested
during the present contract work. Of this total, about 120
composites were experimental (Laboratory) composites, whereas
the remainder were plate samples from the first three production
lots of dual-hardness steel armor made at U. S. Steel Corporation.
The compositions of the component steels from each of the
composites (with the exception of the weld-overlay materials) are
shown in Tables I or II. Throughout this report, the plate com-
posites are identified by hyphenated numbers and letters according
to their component-steel codes in Tables I and II, with the
front (hard) layer being the first digit(s) and the rear ("soft")
layer being the last digit(s). For example, Composite D-3 is
a two-layer composite of Steel D as the front-face material and
Steel 3 as the rear-face material. For tricomposites (3 layers)
and quadcomposites (4 layers), the identity of each plate composite
follows the same layer sequence with the front-layer steel being
the first digit(s), the next layer the second digit(s)_ ,etc.

Composites were produced by each of the six techniques
mentioned in the Introduction. Each of these techniques is
discussed separately in this report. All but two of the multi-
layer composites (Composites 9-10-13) were produced by roll-
bonding techniques.
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ARMOR PROCESSING DEVELOPMENT

Effect of Front-Plate/Rear-Plate Thickness Proportions

Plate composite material, 0.7-inch thick, from the first
production trial of dual-hardness armor (Composite 9-10, Pack 65F)
was cut into fourteen 5-1/2- by 10-inch plate samples, diffusion-
treated for 1-1/2 hours at 2075 F in a dry helium atmosphere to
improve the bond strength, then Blanchard-ground on both surfaces

-f to nominally 0.305-inch-thick plate samples (11 samples) with front-
plate to rear-plate thickness proportions (in percent) from 0/100 to

* 100/0. The plate samples were oil-quenched from 1500 F, double-
tempered at 250 F, lightly hand-ground to nominally 0.300-inch-thick,
and tested at AMRA with caliber 0.30 armor-piercing projectiles at 00
obliquity. The remaining three plate samples were ground to a final
nominal thickness of 0.500 inch so as to produce front-plate to
rear-plate thickness proportions (in percent) of 35/65, 45/55, and
60/40, then hardened; these samples were tested with caliber 0.50
armor-piercing projectiles at 00 obliquity. The details on these 14
plate samples of Composite 9-10 and the ballistic-test results are
listed in Table VIII, A and B.

The effect of the front-plate to rear-plate thickness
proportions on the V5 0 protection ballistic limit is plotted in
Figure 2, and the effect on the merit rating is plotted in Figure 3.
Both plots illustrate that the optimum front-to-rear thickness pro-
portion lies in the range 35 percent front-65 percent rear to 65
percent front-35 percent rear, as has been previously reported. 2 )
The data for caliber 0.50 projectiles is not conclusive because too
thin a plate sample (too low an e/d ratio) was tested.

To accurately determine the best thickness proportion for
caliber 0.50 projectiles, plate-composite samples about 0.640-inch
thick were prepared at the Laboratory as follows. Two 2.9-inch-
thick plates of Steel 22 (0.54% C) and two 3.9-inch-thick plates
of Steel 21 (0.31% C) were prepared for roll bonding. A 12-inch by
18-inch sandwich consisting of the high-carbon steel and the medium-
carbon steel was roll-bonded (by cross-rolling) to a plate composite
1.44 inches thick, and a second similar 12-inch by 10-inch steel
sandwich was roll-bonded to a plate composite 1.20 inches thick.
Ten 9-inch by 11-inch samples were cut and individually Blanchard-
ground on both surfaces to nominally 0.640-inch-thick plate samples,
except for one sample that was ground to 0.678-inch thick. The
ground samples had front-plate to rear-plate thickness proportions
(in percent) in the range 0/100 to 70/30. The plate samples were

I austenitized at 1500 F, spray-quenched with a glycol-water
solution, tempered at 275 F, lightly hand-ground, and tested with
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